Abstract-In pioneering work, Senders (1983) tasked five participants to watch a bank of six dials, and found that glance rates and times glanced at dials increase linearly as a function of the frequency bandwidth of the dial's pointer. Senders did not record the angle of the pointers synchronously with eye movements, and so could not assess participants' visual sampling behavior in regard to the pointer state. Because the study of Senders has been influential but never repeated, we replicated and extended it by assessing the relationship between visual sampling and pointer state, using modern eye-tracking equipment. Eye tracking was performed with 86 participants who watched seven 90-second videos, each video showing six dials with moving pointers. Participants had to press the spacebar when any of the six pointers crossed a threshold. Our results showed a close resemblance to Senders' original results. Additionally, we found that participants did not behave in accordance with a periodic sampling model, but rather were conditional samplers, in that the probability of looking at a dial was contingent on pointer angle and velocity. Finally, we found that participants sampled more in agreement with Nyquist sampling when the high bandwidth dials were placed in the middle of the bank rather than at its outer edges. We observed results consistent with the saliency, effort, expectancy, and value model and conclude that human sampling of multidegree of freedom systems should not only be modeled in terms of bandwidth but also in terms of saliency and effort.
I. INTRODUCTION
T ECHNOLOGICAL systems are automated to ever greater extents [1] . In many automated systems, the role of the human is to monitor the instruments in order to assess whether the automation performs satisfactorily [2] . Present-day automated systems, such as aircraft cockpit, produce much more information than a human can process at once [3] . Consequently, the human needs to distribute attention across multiple sources of information in order to maintain accurate awareness of the automation state.
How humans sample dynamic instruments is a question that has been of broad interest in human factors and ergonomics (e.g., [4] , [5] ). Especially in the aviation domain, several studies have been performed that investigated how pilots distribute their visual attention across the different instruments in the cockpit [6] - [9] . In a seminal study, Fitts et al. [10] examined how 40 pilots distributed visual attention across cockpit instruments during aircraft landings. Based on their findings, Fitts et al. [10] argued that the number of eye fixations per second on an instrument is a measure of the importance of that instrument for carrying out the flight task. Additionally, the fixation duration on the instrument was regarded as an index of the difficulty in reading and interpreting the particular instrument. As pointed out by Landry [11] and Seeberger and Wierwille [12] , the results of Fitts et al. [10] have been used to redesign the default layout of the cockpit instrument panel in that the instruments most frequently looked at are placed in the middle of the instrument cluster.
Further pioneering work on human sampling behavior of instruments was carried out by Senders [13] . He used the NyquistShannon sampling theorem [14] to predict how frequently a human needs to sample an instrument in order to keep track of its state. This theorem can be intuitively understood when trying to reconstruct a sine wave from a number of periodically sampled data points of this sine wave. If not sampling with at least twice the frequency of the sine wave, then the sine wave cannot be reconstructed from those data points. Accordingly, Senders [15] postulated that if an instrument provides information with a frequency bandwidth W , the human as a Nyquist sampler (ideal observer) should observe that signal with a frequency equal or greater than 2 W.
To test his theory, Senders [13] conducted an experiment in which five undergraduate students monitored a bank of four circular dials (micro-ammeters), with randomly moving pointers that differed in bandwidth (0.08, 0.16, 0.32, and 0.64 Hz). The participants were instructed to press a response key (see Fig. 1 ) each time one of the four pointers crossed a threshold value from either side. They performed this monitoring task for one hour per day for 30 days. A 3-minute data sample of camera recordings pointed at the eyes of the subjects was collected and analyzed per hour of monitoring. The results Fig. 1 . Illustration of one of the participants in a four-dial sampling task (photo from [17] ). A motion picture camera is located in the middle of the four dials. The participant holds a switch in her right hand.
revealed a strong linear relationship between the signal bandwidth (W ) and the average observed glance rate (GR) per dial (GR = 0.05 + 2.44 W, r = 0.98), offering clear support for Senders' theory. Moray [16] suggested that, because eye movements are so strongly predicted by signal bandwidth (r = 0.98), Fitts et al. [10] may have been mistaken in that not the importance (e.g., value, cost of missing) of an instrument, but rather its experienced bandwidth (i.e., expectancy) is the prime determinant of how frequently the human looks at an instrument. Put simply, it is possible that pilots in Fitts et al. looked at particular instruments more often than at other instruments not necessarily because these instruments were important for the flight task, but rather because these instruments had fast-moving pointers. However, this hypothesis could not be tested because the actual values of the instrument pointers were not recorded by Fitts and co-workers.
In his Ph.D. thesis published almost 20 years later, Senders [15] presented the results of four additional experiments also carried out in the 1960s [17] . These additional experiments were performed using five high school students who viewed six dials of different bandwidths (0.03, 0.05, 0.12, 0.20, 0.32, and 0.48 Hz). These four experiments were similar to each other, but differed somewhat in composition (i.e., a baseline experiment was performed, in a second experiment the random signals were generated in a slightly different manner, in a third experiment a binary signal was used for the 0.12 Hz dial, and in a fourth experiment the bandwidths were slightly varied). Participants received extensive training of at least 10 h. The results of the four aggregated experiments again yielded a nearly perfect linear relationship between bandwidth and glance rate (r = 0.99), but with a slope that was considerably shallower (GR = 0.18 + 0.61 W) than predicted by the Nyquist-Shannon theorem and Senders' 1964 experiment (2.44 W). Relative to the model predictions, the shallower slope indicates that participants oversampled the low bandwidth dials while undersampling the high bandwidth dials. One explanation for the undersampling could be that participants tended to forget the state of the lowfrequency signals [15] , [16] . Furthermore, according to Senders, the introduction of the two very low bandwidth signals (0.03 and 0.05 Hz) may have increased the demands on participants to memorize the state of these dials, in turn causing them to pay less attention to the high bandwidth dials.
Another explanation for a slope shallower than 2 W is the notion that participants may have been able to read the angular velocity of the pointers in addition to the pointers' current angle. This may have reduced the required sampling frequency from 2 W to W [15] , [18] . This extension of the sampling theorem can again be intuitively understood by trying to reconstruct a sine wave. If periodically sampling data points of the sine wave, plus the slope of said data points, then the original sine wave can be reconstructed when sampling only once per ordinary frequency of the sine wave. However, the extended sampling theorem cannot explain the different slopes found between Senders' four dial and six dial experiments.
Senders [13] , [15] noted that although humans sample in accordance with a periodic sampling model (for the four dial configuration), it is unlikely that humans are actually periodic samplers who deterministically reconstruct a signal according to the sampling theorem, and who do not adjust their sampling behavior based on the momentary state of the pointers. In his thesis, Senders [15] proposed a number of "conditional sampling" models that predict the probability of sampling a particular dial as a function of the current state of the dial relative to the threshold, rather than its overall stochastic property (i.e., bandwidth). Moray [16] eloquently explained why conditional sampling models are viable: "suppose that an observation shows that the function is very close to the permissible limit. It seems likely that another fixation on that source would be made sooner than if it had been observed at, say, its mean" (pp. 40:11). However, because the technology of the 1960s did not allow for a synchronized recording of eye movements and the state of the dials, it still remained to be tested whether conditional models are more valid than a periodic sampling model that uses bandwidth as input. As noted by Senders [15] : "It is necessary to record not only the positions of the eyes but also the value of the signals which are observed. It is only the relationship of these two sets of data that will tell us whether there is anything at all in the idea that observers make use of the information that they see in deciding when to look again." (p. 98).
Various other researchers have proposed conditional models of visual sampling. For example, Carbonell [19] devised a queuing model in which different instruments compete for human attention. The model assumes that each time the human looks at an instrument, he or she postpones the observation of the other instruments, hence accepting the risk that another instrument exceeds a threshold. The optimal sampling strategy is then to sample, and bring back to zero, the instrument with the highest risk of not being observed. The momentary risk per instrument is defined in terms of the cost of exceeding a threshold value (cf., "importance" in [10] ) and the probability that the instrument pointer will exceed the threshold, which accumulates as a function of the time since last sampling the instrument. Carbonell's model was experimentally validated by Carbonell et al. [20] but has received little attention since then. Other models of visual sampling behavior were proposed by Sheridan [21] and Kvålseth [22] . However, their models have not been empirically evaluated using eye-tracking equipment.
Nowadays, ample research exists on the topic of visual attention. Borji and Itti [23] provided a review of more than 60 models of visual attention, most of which are bottom-up models (i.e., saliency models). In the last decades, several promising models that include elements of top-down (i.e., task-driven) attention have been developed. For example, Wolfe [24] presented a model that predicts reaction times in tasks where observers look for a target among distractor items. Similarly, Najemnik and Geisler [25] showed that humans can localize a target stimulus embedded in a cluttered environment in an efficient manner, by making eye movements that gain the most information about target location. Salvucci and Taatgen [26] presented a computational model that computes reaction times and performance for diverse multitasking conditions, whereas Sprague et al. [27] presented a model of visual behavior, which included a simulated humanoid that allocates gaze based on variables of reward and uncertainty. In an attempt to combine bottom up and top down cues in a comprehensive manner, Wickens et al. [28] introduced the saliency, effort, expectancy, and value (SEEV) model of visual behavior. This model defines the probability of sampling an instrument/area in terms of two bottom-up variables: 1) saliency (i.e., the extent to which the stimulus stands out with respect to its background) and 2) effort (i.e., the amount of eye/head movement required) and two top-down variables: 3) expectancy (equivalent to bandwidth, i.e., the perceived likelihood of change or event frequency) and 4) value (i.e., subjective importance of attending to events on the instrument, or the cost of missing them). The SEEV model has received widespread experimental support (e.g., [28] - [30] ).
In summary, in the past decades, various models have been developed that describe how humans sample a dynamic system. Much of the current visual models of human monitoring seem to be conceptually based on the original studies by Senders [13] , [15] (e.g., [4] , [31] ). Indeed, the work of Senders is relatively influential in the human factors community, as demonstrated by the ample number of citations in Google Scholar (254 for Senders [13] , and 144 for Senders [15] ). Perhaps somewhat peculiarly, the work of Senders has hardly been replicated. An exception is Fleetwood [32] , who performed three experiments using five participants each. In each experiment, participants viewed four dials as in [13] while eye movements were recorded with a head-mounted eye-tracker. The results of Fleetwood's experiments showed that participants' mean glance durations per dial were sensitive to various experimental manipulations, including bandwidth, threshold cross frequency, value (i.e., different points could be earned based on the correct detection of a pointer that had gone out of bounds), visual saliency (i.e., flashing dial), and the cost of making an observation (i.e., implemented as a time delay when a participant indicated that they would like to view a new dial). Although the design of Fleetwood is regarded as informative, it remains unclear to what extent Senders' results were replicated. Thus, considering that the experiments of Senders were conducted with only five participants and with limited hardware equipment, Senders' study deserves to be replicated and extended for the sake of better insight in human sampling behavior.
The aim of the present study was to replicate the experimental conditions of Senders [15] , using a larger sample size (N = 86 versus 5) and an eye tracker camera with high temporal resolution (2000 versus 12 Hz). Additionally, whereas Senders' work was solely concerned with coarse dependent measures (i.e., glance rate and duration), we applied fully synchronized data recordings of 1) the six pointer signals, 2) participants' eye movements, and 3) participants' button press inputs. This allowed us to examine how participants distributed their attention across the dials as a function of the state of the dials. An additional factor is that we varied the eye-movement effort level (i.e., one of the parameters in the SEEV model) by changing the dial configuration from a low effort configuration (high bandwidth dials in the center of the bank of dials) to a high effort configuration (high bandwidth dials in the corners of the bank of dials).
In order to structure and interpret our results, we classified our findings according to three variables of the SEEV model: 1) bandwidth (expectancy), 2) effort, and 3) saliency. In our experiment, bandwidth and effort are independent (i.e., experimentally manipulated) variables, whereas saliency is referenced by the momentary state of pointers. Note that value is not an experimental variable in our study, nor in Senders' work: all six dials were assumed to have equal value (i.e., equal importance) for performing the task.
It is noted that part of the results of the same experiment is presented by Eisma et al. [33] in more concise form. Therein, Eisma et al. [33] were concerned with the broader methodological topic of assessing situation awareness through a correlation between an aggregate visual sampling-to-environmental relational score in comparison to self-reported situation awareness using a freeze-probe questionnaire method. The present study is not concerned with these self-reports but only with objective measures: stimulus behavior, observer performance, and eye-movement data.
II. METHODS

A. Participants
Participants were 86 university students (21 female, 65 male) with a mean age of 23.44 years (SD = 1.52). The research was approved by the Human Research Ethics Committee of the TU Delft under the title "Update of Visual Sampling Behavior and Performance with Changing Information Bandwidth" (September 22, 2016). Written informed consent was obtained from all participants.
B. Apparatus and Procedures
The eye movements of the right eye were recorded at 2000 Hz using the SR Research EyeLink 1000 Plus eye tracker. Participants were asked to put their head in a head/chin rest support, which was adjusted to the participant's height to reduce neck First, the eye tracker was calibrated. Next, participants completed a 20 s familiarization trial, allowing them to get used to the experimental setup and task requirements. During this trial, a single dial was shown on the screen.
Next, participants viewed seven 90 s videos. Each video showed six circular dials with moving pointers. Each dial had a diameter of 316 pixels (visual angle ∼5.3°), see Fig. 2 . The centers of adjacent dials were 634 pixels (∼10.5°) and 658 pixels (∼10.9°) apart in horizontal and vertical direction, respectively, which is similar to [15] who reported that the dials in his experiments were separated by 12°. The dashed threshold line was a random angle that differed for each of the 42 dials (7 videos × 6 dials). In each of the seven videos, the pointer signals had a mean of 0°(i.e., the position of the threshold) and a standard deviation of 50.1°. The signal realization was different for each of the 42 dials. The MATLAB script that was used for creating the videos is provided in Appendix A.
The frame rate of the videos was 50 Hz, with a resolution of 1904 × 988 pixels. Each participant viewed the same seven videos but in a uniquely randomized order. Participants were instructed to press the spacebar when any of the pointers crossed the threshold from either direction.
After viewing each video, participants completed a brief questionnaire to probe their self-reported situation awareness, knowledge confidence, and experienced eye movement effort.
The total time of experiment participation varied between 15 and 30 min.
C. Independent Variables 1) Bandwidth:
The first independent variable was the bandwidth of the dials. The six pointers each had a different bandwidth: 0.03, 0.05, 0.12, 0.20, 0.32, and 0.48 Hz, as in [15] . More specifically, a signal was defined as a sum of 21-41 sinusoids, with random phase shifts and with predefined bandwidth (i.e., cutoff frequency) in agreement with Elkind [34] and Senders [15] . Naturally, the high bandwidth dials also moved more rapidly, with overall mean absolute angular pointer velocities of 6.2, 7.3, 13.6, 20.8, 35.4, and 43.5°/s for the 0.03, 0.05, 0.12, 0.20, 0.32, and 0.48 Hz dials, respectively.
The videos are available as the Supplementary material (see Appendix B). The pointer movement of each of the six dials for one of the seven videos is shown in Fig. 3 .
2) Effort: The second independent variable was the effort level. Each of the seven videos had a dial configuration that differed according to the predicted amount of eye-movement effort participants had to put in, in order to respond perfectly to each threshold crossing. The configurations were selected with the help of a computer simulation (see Appendix C for the script), in which a value of 1 was assigned to the distance between two adjacent dials (e.g., the diagonal distance between two corner dials was determined as Ý5, see Appendix D for an overview of distances between pairs of dials). All dial configurations are shown in Table I .
Note that Senders similarly positioned the dials "in a quasirandom way in order to achieve as much counterbalancing as possible, since the theoretical model, which was to be tested, did not consider the factor of arrangement of signals of various frequencies" (see [17, p. 44] ). However, Senders [15] , [17] did not present the actual dial configurations. The video numbers range from low effort (high bandwidth dials in the middle) to high effort (high bandwidth dials in the outer edges). The effort level is the estimated cumulative saccade distance if the participant were to sample perfectly for 1 h of observation. [15] : First, missing x and y coordinates during blinks were restored with linear interpolation. Furthermore, a median filter with a 100 ms interval was applied to the x and y gaze coordinates. Next, the following measures were calculated per participant, per dial, and per video: 1) Glance rate (Hz), defined as the number of times per second that the participant fixated on a 420 × 420 pixel area of-interest (AOI) surrounding the dial. Refixations on the same dial were not counted. By virtue of a fixation filter, only glances on dials were counted, not fly-throughs (e.g., the top middle dial was not counted when the participant performed a saccade from the top left to the top right dial). Gaze velocity data were calculated and filtered with a Savitzky-Golay filter with order 2 and a frame size of 20 ms (i.e., 41 samples at 2000 Hz, twice the minimum saccade duration of 10 ms, see [35] ). We adopted a saccade velocity threshold of 2000 pixels/s (∼33°/s). It has been reported that fixation durations in reading can be as short as 50-75 ms [36] . Considering that the present task involved rapid sampling and small visual angles, a minimum fixation duration of 40 ms was used, see also [35] . 2) Percent time on AOI (%), defined as the percentage of video time that the eye-gaze of the participant was within a specified dial AOI. This measure was calculated independently from the fixation filter and has also been referred to as the net dwell time percentage [37] . 3) Mean glance duration (s), defined as the net dwell time per dial in seconds divided by the number of glances on that dial. These three preceding measures were compared to the corresponding measures reported in [15] . Note that Senders [15] used the terms 1) fixation frequency or sampling frequency, 2) percent time fixated, and 3) duration of fixation, for the three above-mentioned measures, respectively. However, for the sake of clarity, we adhered to modern terminology in line with standards [38] .
D. Dependent Variables 1) Dependent Measures to Replicate Senders
Additional dependent measures were taken as follows.
2) Spacebar Press Performance:
We calculated a performance score, defined as the percentage of threshold crossings for which the participant pressed the spacebar. In total, there were between 74 and 115 threshold crossings per video. Per crossing, a hit was counted if the participant pressed the spacebar within 0.5 s (i.e., between −0.5 and +0.5 s) of the moment of the crossing. Specifically, hits were determined using a forloop over the threshold crossings of a video in a chronological order. For each threshold crossing, the temporally closest spacebar was selected, and if the absolute time difference between the moment of pressing the spacebar and the moment of the threshold crossing was smaller than 0.5 s, then that threshold crossing was labeled a hit, and the spacebar press was excluded from being assigned to subsequent threshold crossings. Accordingly, a spacebar press could not be assigned to more than one threshold crossing, and no more than one hit could be assigned to a threshold crossing.
3) Questionnaire Data: Per participant and per video, we calculated the experienced eye-movement effort. This measure was defined as the response to the question "How much eyemovement effort did you experience?," with response options from 1 (very low) to 10 (very high).
E. Analyses
In order to structure our findings, our analyses were categorized into 1) bandwidth (expectancy), 2) effort, and 3) saliency, which are the first three predictor variables of the SEEV model. [15] : First, we reported the overall glance rate, percent time on AOI, and mean glance duration as a function of bandwidth, in order to examine whether the results of Senders were replicated in our study. Similarities between our results and Senders' results were assessed by comparing the parameters of linear least squares fits between the bandwidth and the dependent measure.
1) Bandwidth (Expectancy)-Replication of Senders
A periodic sampling model assumes that the human observer forms expectancies about the likelihood that a pointer will cross a threshold, or as pointed out by Senders [15] : "in order to make a rational allocation of visual attention to various signals, the observer must learn the bandwidths of those signals" (p. 86). To investigate whether participants exhibited learning (i.e., whether they formed expectancies) during the experiment, we assessed linear least squares fits between glance rate and bandwidth, per video presentation number in the chronological order. This allowed us to assess whether participants distributed their attention more akin to the Nyquist theorem as they gained experience at the sampling task.
2) Effort (Dial Configuration): Similar analyses were conducted for the different video effort levels. That is, we calculated linear fits between the mean glance rate and dial bandwidth, for each dial configuration condition shown in Table I . Additionally, the performance score and self-reported effort were computed per effort level, to see whether participants performed more poorly in the high effort videos than in the low effort videos.
3) Saliency (Pointer Angle, Pointer Velocity, Time to Crossing): Finally, we assessed whether participants were conditional samplers by calculating for each video frame the percentage of participants who glanced at each dial and comparing this to the angle and velocity of the dial pointers at that video frame. Here, pointer angle (i.e., closeness to threshold) and pointer velocity are regarded as components of saliency, that is, the extent to which the current state of a pointer attracts visual attention. Note that for a single sine function, position and its derivative are directly related, as the derivative of a sine wave equals the same sine wave with a phase shift, and hence, in this case, it would be meaningless to analyze the effects of pointer angle and pointer velocity separately. However, in our experiment we used a multisine consisting of 40 aggregated sine waves, as a result of which pointer angle and pointer velocity were not directly related, except at its extreme values (i.e., when a pointer signal reaches its peak angle in a given video, the pointer has a velocity of zero by definition).
In addition to the pointer angle and pointer velocity, we assessed conditional sampling for the "time to crossing," defined as the momentary pointer angle divided by the sign-inverted pointer velocity (see [39] for a similar time to line crossing measure in car driving, and [40] for the notion that humans may be able to perceive time to crossing directly from the closure rate of the log-transformed angle between pointer and threshold). A positive time to crossing means that the dial is moving in the direction of the threshold, whereas a negative value means that the pointer is moving away from the threshold.
It is noted that vision researchers typically use the word saliency to refer to stimulus characteristics such as intensity contrast, flicker contrast, and motion contrast, devoid of task context [41] . Absolute pointer velocity is a saliency feature, but the pointer angle is not. That is, participants should interpret the pointer angle in relation to the task of pressing the spacebar when it crosses the threshold. Herein, we use the term saliency in a broad meaning, by defining it as the dial's momentary characteristics (as opposed to bandwidth, which is a time-invariant property).
III. RESULTS
Data were lost for a few videos (1-3) from a total of three participants. However, because the majority of their data were still available and unaffected, these three participants were retained in the analysis. Fig. 4 shows the aggregated distribution of all gaze coordinates on the monitor. It is apparent that not all six dials exhibited the same percent time on AOI. The percent time on AOI was the highest for the top middle dial (20.18%) position and the lowest for the top right dial (8.50%) position. These differences are consistent with a baseline tendency to look at the middle two dials, and can also be explained by the different bandwidth configurations per dial (see Table I ). For example, the top right dial position never happened to display a high bandwidth dial signal (0.32 or 0.48 Hz), which may explain why it was overall less sampled relative to the dial positions in the other corners. Further analysis (see Appendix D) showed that diagonal eye movements were rarer compared to horizontal and vertical ones, see [4] for a similar finding.
A. Descriptive Statistics: Aggregate Gaze Results
B. Descriptive Statistics: Aggregate Performance Results (Spacebar Presses)
Fig . 5 shows the distribution of the time difference between the spacebar presses and the threshold crossings of the pointers. The 10th, 50th, and 90th percentiles of the time difference were −0.66, 0.06, and 0.68 s, respectively. Accordingly, our definition of performance, which incorporated a time margin from −0.5 to 0.5 s surrounding each threshold crossing, is regarded as reasonable in that it captured the majority of spacebar presses surrounding a threshold crossing while minimizing overlap between consecutive threshold crossings. Table II shows that participants slightly improved their spacebar-pressing performance score from 47.53% during the first video up to 51.17% in the last video, whereas the corresponding standard deviation among participants remained approximately constant. The effect of video presentation order was small but statistically significant according to a repeated measures ANOVA for the 83 participants without missing values, F (6,492) = 5.37, p < 0.001, η 2 p = 0.061. Additionally, a higher effort configuration of the dials corresponds with a slightly lower performance score (see Table II ). The effect of the video effort level was statistically significant as well, F (6,492) = 14.14, p < 0.001, η 2 p = 0.147. We observed no interpretable relationship between dial position (i.e., top left, top middle, top right, bottom left, bottom middle, bottom right) and performance scores (see Appendix E). However, the lowest bandwidth dial (0.03 Hz) featured a lower performance score (30.96%) than the five higher bandwidth dials (46.55% and higher, see Appendix E). Further inspection revealed that the difficulty of the dials was highly idiosyncratic: among the 42 dials (7 videos × 6 dials) the performance score ranged between 16.00% (SD = 16.85%) for the top middle dial [15] Fig . 6 shows the glance rate, percent time on AOI, and mean glance duration, as a function of bandwidth, together with 95% confidence intervals for the means across the participants. Also shown are the results of Senders, which are based on a total of five participants. Because Senders used a small number of participants, no confidence intervals were calculated for his dataset. The results reveal a high correspondence between our results and Senders' [15] results (r = 0.99, 0.99, and 0.76 for the three respective measures).
C. Bandwidth (Expectancy)-Replication of Senders
In order to assess whether participants exhibited learning (i.e., whether they formed expectancies of bandwidth) from the first video to the seventh video, the glance rate as a function of bandwidth was assessed per video number. The results in Table III show that there is a slight learning effect, as the slope is shallowest 0.61 W for the first video and steepest 0.68 W for the seventh video. Note that these changes in the parameters of the linear fits are overall small and that the parameters for all video presentation orders are in agreement with Senders who reported GR = 0.18 + 0.61 W, r = 0.99 (see Fig. 6 ). Fig. 7 presents a further illustration of the learning effect within a particular video. It can be seen that the percent time on the dials with different bandwidths can already be differentiated from the beginning (i.e., in the first 15 s of each 90 s). There also appears to be a slight periodicity for each of the seven videos as it seems to take about 30 s for AOI percentages to settle in (e.g., the 0. 
TABLE III LINEAR FIT FOR BANDWIDTH (W) VERSUS MEAN GLANCE RATE (GR) AS
D. Effort (Dial Configuration)
The results in Table IV show that the slope of the regression line between bandwidth and glance rate was steepest (1.00 W) for the lowest effort configuration and considerably shallower (0.44 W) for the highest effort configuration. To illustrate, in the lowest effort configuration, participants had a glance rate of 0.128 and 0.554 Hz to the low and high bandwidth dial, respectively. In the highest effort configuration, this was 0.252 and 0.429 Hz, respectively. In other words, when the effort was lower, the effect of bandwidth on distributed sampling was higher. Thus, when the high bandwidth dials were placed in the middle (e.g., video effort level 1) instead of at the outer edges (e.g., video effort level 7), participants behaved more in accordance with the Nyquist theorem (i.e., a slope that is closer to the theoretically predicted slope of 1 W or 2 W, depending on whether or not sampling of the velocity is taken into consideration). Conversely, when the high bandwidth dials were placed at the outer edges, participants relatively rarely sampled these high bandwidth dials while relatively often sampling the low bandwidth dials in the middle, in line with the notion that effort inhibits sampling.
Table IV also shows that objective effort had a small effect on subjective effort; this effect was significant according to a repeated measures ANOVA, F (6,498) = 2.78, p = 0.012, η 2 p = 0.032.
E. Saliency (Pointer Angle, Pointer Velocity, Time to Crossing)
An initial exploration confirmed that participants' sampling behavior was indeed not only dependent on bandwidth and effort, but also highly time-varying. Fig. 8 shows the percentage of participants who gazed at two specific dials for a random 15 s segment of one of the seven videos. Once again, it is evident that participants looked more at a high bandwidth dial than at a low bandwidth dial. Closer inspection shows that participants were more likely to gaze at a particular dial (see peaks in the upper graph) when the pointer angle was near the threshold (see bottom graph having the same time axis as the upper graph). Furthermore, peaks in the upper graph appear to occur when a pointer angle has a high gradient, that is, when the pointer was moving rapidly.
The relationship between the participants' viewing behavior and the state of the dials is further illustrated in Fig. 9 . The left panel shows the proportion of participants sampling a specific dial as a function of the pointer angle with respect to the threshold. It is clear that participants were considerably more likely to gaze at a dial when the dial was close to the threshold. When the dial was near the threshold at 0°, the probability of sampling the dial was about 2-3 times as high as compared to when the dial was at an angle of 45°away from the threshold. In the middle and right panel of Fig. 9 , this effect can also be seen for the angular velocity of the pointer and time to crossing, respectively. Note that there appears to be no asymmetry: high-velocity pointers attract attention regardless of whether the pointer is moving toward or away from the threshold. Fig. 10 further illustrates that a combination of low pointer angle and high pointer velocity is an attractor of attention. Also, it is notable that the low bandwidth dials never reach a high velocity in the first place.
In sum, participants do not behave in accordance with a periodic sampling model. Rather, participants sample conditionally: the closer the pointer to the threshold, and/or the faster it moves especially toward that threshold, the more the participants gazed at that specific dial. [15] The aim of this research was to replicate Senders' [15] study of visual sampling, using high-end eye-tracking equipment, and a larger number of participants. The results of our experiment showed that the glance rate, the percent time on AOI, and the mean glance duration increase as the bandwidth increases, in close similarity to what was found by Senders (i.e., highly similar slopes and intercepts, and strong correlations between our results, r = 0.99, 0.99, and 0.76). In his work, Senders [15] noted that the high bandwidth dials do have a longer duration of observation, but he also expressed considerable uncertainty about this effect. Our results confirm for the first time a linear relationship between bandwidth and mean glance duration (r = 0.99, see Fig. 6 ). Presumably, we obtained a stronger correlation with bandwidth than the correlation obtained by Senders (r = 0.81) because Senders used only five participants in his experiment, hence giving rise to a considerable sampling error. Furthermore, Senders used manual coding of film recordings in lieu of eye tracking. These film images were recorded at 12 Hz, which means that the temporal resolution of his method was at best 0.083 s, or perhaps only 0.167 s if considering that at least two frames are needed to ascertain whether the eyes of the participant have actually landed on the dial. In comparison, we used an eye tracker with 2000 Hz resolution, combined with a fully automated data analysis procedure, which is insensitive to manual coding errors.
IV. DISCUSSION
A. Bandwidth (Expectancy)-Replication of Senders
Senders argued that people need extensive training in order to learn the statistical characteristics (i.e., bandwidths) of the pointers: "The theory and the attendant models, therefore, apply only to demanding tasks performed by experienced and skilled human beings. No novices need apply." (see [15, p. 21] , and also [16] ). The participants in our experiment were only allowed to familiarize for 20 s with a single dial (as an example), yet our results show considerable similarities with Senders' results. This suggests that participants do not need to learn the statistical characteristics of the signal, but predominantly rely on the momentary state of the dial in order to perform the sampling task. In our experiment, participants did show learning, as they distributed their attention more according to bandwidth in later sessions (see Table III ; Fig. 7 ). However, this learning effect was minor compared to the effects of bandwidth and effort (dial configuration; Table IV) . Furthermore, a comparison between the first 15 s and last 15 s (see Fig. 7 ) showed that the learning effect was bandwidth-specific (e.g., the 0.05 Hz dial showed a larger learning effect than the 0.03 Hz dial), which may be due to interactions with the dial configuration or the specific properties of the pointer signals.
B. Effort (Dial Configuration)
The information access effort in the context of this experiment can be defined as the amount of eye-movement required in order to detect the events (i.e., the threshold crossings). According to Wickens [42] , people tend to minimize effort during the task, hence try "to avoid longer scans or other information access travels when shorter ones can be made" (p. 54). Our results provide support to the notion that objective effort inhibits sampling: people are more likely to gaze at high bandwidth dials when these are placed centrally and generally sample less in accordance to bandwidth as required eye-movement distances grow (see Table IV for the corresponding linear regression results).
C. Saliency (Pointer Angle, Pointer Velocity, Time to Crossing)
Senders [13] originally modeled human sampling behavior by assuming that the human acts as "a random sampling device constrained only by the base probabilities of each of the things sampled" (p. 5, emphasis added). However, for a six dial configuration, the slope of glance rate versus bandwidth is considerably shallower than the theoretically predicted 2.0. Both Senders [15] and ourselves found a slope of about 0.60 combined with an intercept of about 0.20 (see Fig. 6 ), indicating that participants undersampled the higher bandwidth dials and oversampled the lower bandwidth dials relative to an assumed perfectly matched bandwidth dependent sampling behavior (i.e., slope of 2.0 and intercept of 0).
According to Senders [15] , this shallow slope may be attributed to 1) mental overload, 2) the fact that participants exhibit forgetting of the pointer state since the last glance on the dial, and also 3) the fact that participants may sample not only the pointer angle but also the pointer velocity (i.e., additional information in the task such as stimulus saliency). The latter explanation is in agreement with the extended sampling theorem [18] , which postulates that the slope of an observer is 1 W instead of 2 W when the observer extracts both momentary velocity and momentary position. Our results in Figs. 8-10 indicate that participants were more likely to glance toward a dial when the velocity of that dial's pointer was higher.
In sum, the periodic sampling model is contentious because the probability of sampling is strongly dependent on how close the dial is to the threshold and how rapidly the pointer is moving. It is striking that there is a strong U-shape for low bandwidth dials in particular: for relatively high pointer velocities (around −40 or 40°/s), the dwell percentages for low bandwidth dials are about equal to the dwell percentages for high bandwidth dials (see Fig. 9, middle) . In other words, the pointer velocity can be a strong attention attractor even when the dial bandwidth is relatively low.
We argue that participants were able to detect whether something is happening quickly in the periphery, resulting in a state of uncertainty, which in turn attracts attention. The notion of motion being an attention attractor corresponds to the saliency cue in Wickens' SEEV model of visual sampling and many other types of bottom-up visual attention models [23] . Previous research shows that humans can perform a control task such as car driving [43] or pitch tracking [44] using peripheral vision.
Senders et al. [45] specifically examined whether it is possible to read a dial using peripheral vision, and one of their conclusions was that "an observer can discriminate among settings which differ by 45°almost perfectly even when the instrument is played as much as 40°from the line of sight" (p. 436). In a pilot experiment using larger dials and red thresholds that were placed upright, we found that a participant could complete the spacebar-pressing task satisfactorily while looking only at the center of the screen. Although the present layout (i.e., smaller dials, dashed threshold at various angles; see Fig. 2 ) is more difficult to perform using just peripheral vision, it is likely that participants are still able to extract some information from their periphery. In sum, we argue that participants do not have to rely only on the learned bandwidth of a signal to determine where to look (as predicted by the periodic model); rather, they detect in their periphery salient aspects of whether a dial's threshold is likely to be crossed (e.g., from a pointers' velocity, threshold proximity, or closure rate), which in turn attracts their foveal attention toward that dial.
D. Conclusion and Recommendations
Collectively, our results offer a more fine-grained picture of human visual sampling than that of periodic signal reconstruction according to the (extended) Nyquist-Sampling sampling theorem. In particular, our results indicate that even for a simple paradigm of six moving dials, human visual sampling should not be explained in terms only of bandwidth (expectancy) but also by effort and saliency, as used in the SEEV model [28] . In conclusion 1) the results of Senders [15] have been replicated using high-end eye-tracking equipment, 2) humans do not behave as periodic samplers, but as conditional samplers instead, and 3) the conditions upon which humans sample include aspects of both "saliency" and "effort" in addition to "expectancy" (i.e., base bandwidths) when considering visual sampling behavior in goal-directed task environment of a certain performance value. Future research could be directed toward resolving some uncertainties in the present findings. First, although there is a close correspondence between the results obtained by Senders [15] and the results presented herein, it cannot be established what exactly caused the similarity of results. We closely reproduced Senders' signal composition and task instructions, but there are also some evident differences between our experiments. That is, we used a computer screen, whereas Senders used microammeters, and we used a single randomly oriented threshold per dial (see Fig. 2 ), whereas Senders used a fixed threshold at about 56°on either side for all six dials.
Additionally, Senders provided participants with more than 10 h of training, whereas we provided essentially no training. In future research, these effects could be studied independently in more detail. It may be worthwhile to investigate how with elongated practice the components of the SEEV model come into play in a different manner. With extended exposure, the impact of saliency might be expected to slightly decrease due to habitation, while the impact of effort may also slightly decrease, as practice may encourage the development of more efficient motor/behavioral patterns to some limit.
The present study suggests that participants sample conditionally rather than periodically, and that peripheral saliency is an important attractor of attention. Future research could examine whether participants still learn some of the signal properties so that they can direct attention as a function of bandwidth even if peripheral vision is unavailable. For example, future research may use occlusion techniques [cf., 46] or a gaze-contingency paradigm.
We also recommend research into different dimensions of effort, such as eye movement effort, head movement effort, and cognitive effort. For example, it would be interesting to examine what happens if head movement is not restricted by a head support. Here, it might be expected that participants will orient their head toward the high bandwidth stimuli, and accordingly mitigate their required sampling effort. Future research may also investigate the interaction between physical effort and cognitive effort. For example, research in natural tasks has found that people tend to rely more on memory if the task requires more head movement [47] .
It should be noted that the SEEV model served as a qualitative structure (i.e., bandwidth, effort, and saliency) for presenting our results. Our aim was not to compare different sampling models, and it, therefore, remains to be investigated whether the SEEV model yields a better fit to the data than queuing models of visual sampling and other models that use uncertainty and reward/cost of having (in)accurate state information [20] , [48] . An inelegance of the SEEV model is that saliency is causally related to bandwidth, because higher bandwidth dials move faster and are, therefore, overall more salient. Furthermore, it is debatable whether bandwidth and value are orthogonal variables, as participants may believe that faster moving (higher bandwidth) dials are also the more important (higher value) dials. We also note that it is difficult to compare the relative contributions (e.g., in terms of variance explained) of bandwidth, effort, and saliency, because bandwidth differs between dials, effort differs between videos, and saliency (e.g., whether a pointer moves fast or not) differs per dial as a function of elapsed time. The criterion with which models can be compared also deserves further examination.
Our results may have various implications for the design of human machine interfaces for the supervisory control of automated processes. In particular, the results make clear how different stimuli conditions and dial configurations compete for attention. For example, we found that it is less likely that an observer gazes to a particular instrument when this instrument requires transition effort, which reinforces the notion that instruments should be within visual reach. It is recommended to investigate whether the present results generalize to more complex tasks, such as supervisory control on-board the cockpit of an aircraft or an automated car, where the operator must not only monitor the instruments but also visually sample competing stimuli of the external environment.
The present work opens up opportunities to provide human operators with real-time feedback when it is predicted that visual and so subsequent task performance may degrade. For example, when a situation is dangerous yet signal indicators do not evidently reveal a danger (e.g., low dial velocity, operator habituated to low signal bandwidth), then that signal could be augmented by temporarily enhancing saliency, to in turn improve task performance. 
